Abstract Slow seismic velocity anomalies are commonly imaged beneath subducting slabs in tomographic studies, yet a unifying explanation for their distribution has not been agreed upon. In South America two such anomalies have been imaged associated with subduction of the Nazca Ridge in Peru and the Juan Fernández Ridge in Chile. Here we present new seismic images of the subslab slow velocity anomaly beneath Chile, which give a unique view of the nature of such anomalies. Slow seismic velocities within a large hole in the subducted Nazca slab connect with a subslab slow anomaly that appears correlated with the extent of the subducted Juan Fernández Ridge. The hole in the slab may allow the subslab material to rise into the mantle wedge, revealing the positive buoyancy of the slow material. We propose a new model for subslab slow velocity anomalies beneath the Nazca slab related to the entrainment of hot spot material.
Introduction
The most prominent features in the upper mantle that seismologists image with seismic tomography are the fast velocity anomalies associated with subducted oceanic lithosphere. In many global Li et al., 2008; Zhao et al., 2013] and regional [Huang and Zhao, 2006; Bezada et al., 2010; Li and van der Hilst, 2010; Obrebski et al., 2010; Schmandt and Humphreys, 2010; Scire et al., 2015 Scire et al., , 2016 Hawley et al., 2016] tomographic models of subduction zones, the fast "slab" anomalies are accompanied by a high-amplitude subslab slow velocity anomaly. While such anomalies are often dismissed as natural artifacts of the tomography method or more recently as an artifact of anisotropy in an isotropic model [Bezada et al., 2016] , many recent studies have interpreted the anomalies as a true representation of subslab seismic velocities. Interpretations of the slow anomaly imaged beneath the Honshu slab of the Japan subduction zone suggest that the slow anomaly may result either from the entrainment of hot asthenosphere beneath the Pacific plate in the subduction process [Honda et al., 2007; Tang et al., 2014; Liu and Zhou, 2015] or from a midmantle upwelling [Morishige et al., 2010] , possibly induced by water [Bagley et al., 2009] . Interpretations of a similar slow velocity anomaly imaged beneath the Juan de Fuca slab of the Cascadia subduction zone suggest that the slow anomaly may result from the accumulation of entrained buoyant asthenosphere [Hawley et al., 2016] or by the pooling of hot spot material beneath slab fragments [Obrebski et al., 2010] . However, these hypotheses are either applied solely to the Honshu slab [Obayashi et al., 2006; Honda et al., 2007; Bagley et al., 2009; Morishige et al., 2010; Obrebski et al., 2010; Tang et al., 2014] or the Juan de Fuca slab [Obrebski et al., 2010] or are expected to ubiquitously produce subslab slow anomalies at all subduction zones [Liu and Zhou, 2015; Bezada et al., 2016; Hawley et al., 2016] . Conversely, slow anomalies are observed frequently beneath subducting slabs, but not ubiquitously, requiring an explanation that places slow velocity anomalies beneath some slabs, or segments of slabs, and not others.
The South American subduction zone, extending >7000 km, is one of the longest continuous subduction zones on Earth. Subduction along the western South American margin has been relatively continuous since the Mesozoic, while the nature and dip of subduction has varied both along strike and through time [Gutscher et al., 2000; Kay and Coira, 2009; Ramos and Folguera, 2009] . Today, shallow slab segments beneath Chile, Peru, and Ecuador are associated with the subduction of the hot spot-generated overthickened oceanic crust of the Juan Fernández, Nazca, and Carnegie Ridges, respectively [Barazangi and Isacks, 1976; Gutscher et al., 2000; Ramos and Folguera, 2009] (Figure 1 ). Beneath the subducting Nazca plate are two well-imaged subslab slow velocity anomalies [Scire et al., 2015 [Scire et al., , 2016 (Figure 1) , making South America an ideal place to investigate the causes of subslab slow anomalies and their PORTNER ET AL.
SUBSLAB SLOW VELOCITY ANOMALIES 1 variability among subduction zones. While the subslab slow anomalies extending beneath southern Peru (11°S-15°S; Figure 1b , anomaly S1) and northern-central Chile and Argentina (20°S-26°S; Figure 1c , anomaly S2) [Scire et al., 2015 [Scire et al., , 2016 have been observed with teleseismic tomography, results were unable to determine robust interpretations of the anomalies' origins. Here we present new tomographic images beneath Chile and Argentina that show that the southern slow velocity anomaly is likely the result of entrainment of buoyant asthenosphere from the Juan Fernández hot spot in Nazca subduction.
Data and Methods
Our images are the result of a finite-frequency teleseismic P wave tomographic inversion [Dahlen et al., 2000; Schmandt and Humphreys, 2010] using 394 broadband and short-period seismic stations from a variety of temporary [Beck et al., 2000; Beck and Zandt, 2007; Sandvol and Brown, 2007; Gilbert, 2008; Roecker and Russo, 2010; Waite, 2010] , 1993 GEOFON Data Centre, 1993] deployments (Table S1 in the supporting information) located around the cordillera in Chile and Argentina between latitudes 25°S and 41°S (Figure 2 ). 
Geophysical Research Letters

10.1002/2017GL073106
We utilize a multichannel crosscorrelation algorithm [VanDecar and Crosson, 1990; Pavlis and Vernon, 2010] to pick relative P wave arrivals from 678 earthquakes at all contemporary stations. Our model is calculated in reference to the IASP91 Earth model [Kennett and Engdahl, 1991] . However, we employ a crustal correction using a regional crustal thickness model [Tassara and Echaurren, 2012] with an additional correction that accounts for fast velocities in the forearc crust, as determined by a variety of local P wave tomographic studies [Graeber and Asch, 1999; Koulakov et al., 2006; Schurr et al., 2006] and ambient noise tomography [Ward et al., 2013] . For a more complete discussion of the data, methods, and model parameterization, please refer to Text S1 in the supporting information.
Imaging Results
The results (Figures 3 and 4) show fast P wave velocities extending N-S across the study area that coincide with Wadati-Benioff zone earthquakes and extend with an eastward dip to at least 660 km depth. Contrary to prior seismic studies [Li et al., 2008; Hayes et al., 2012; Pesicek et al., 2012] , the interpreted slab anomaly extends to at least 660 km depth from 24°S to at least 40°S ( Figure 3 ). Below and parallel to the fast slab anomaly is a high-amplitude slow velocity anomaly that extends from 26°S to 34°S, at depths ranging from 280 km to 715 km (anomaly S, Figures 3 and 4) . The northern termination of the observed subslab slow anomaly is obscured by reduced resolution in the northern portion of the model. However, the observed slow anomaly overlaps with a subslab slow anomaly observed in previous work [Scire et al., 2015] , which extends north to~20°S. We interpret the previously imaged anomaly as a continuation of the anomaly observed in this study, indicating a larger subslab slow velocity anomaly that extends from 20°S to 34°S. This anomaly connects to a~200 km diameter high-amplitude slow velocity anomaly centered on 32°S, 64°W that disrupts the otherwise continuous fast slab anomaly (dashed red circle, Figures 3 and 4). The second slow velocity anomaly, which we refer to as the slab hole, connects slow velocity anomalies from the subslab mantle, through the slab, and into the mantle wedge (Figures 4b  and 4d ). Previous tomography results [Pesicek et al., 2012; Bianchi et al., 2013] show a similar disruption in the fast slab anomaly except with a westward offset, but the slow anomaly is poorly constrained in those models due to its proximity to each models' edge. Anomaly recovery tests (supporting information Figure S5 ) show that high-amplitude slow velocity anomalies below the slab and within the slab hole are necessary to recover both of the observed slow velocity anomalies and cannot be produced as an artifact of a gap in the slab.
Constraints on the source of the slow velocities disrupting the slab are provided by a recent 3-D magnetotelluric inversion across the study area [Burd et al., 2013] , which identifies a slab-disrupting low resistivity (high conductivity) anomaly colocated with the observed slab hole anomaly. The low amplitude of resistivity observed suggests interconnected partial melt or a high concentration of dissolved water (0.1%) within the conductive body [Burd et al., 2013] . Overlap of the subslab slow velocity anomaly, slab hole slow velocity anomaly, and the resistivity anomaly suggests that they are related, and magnetotelluric evidence indicates that at least the slab hole material contains some degree of partial melt or water content in addition to a potential thermal anomaly. These new high-resolution tomography images provide an opportunity for investigating geodynamic processes such as asthenospheric entrainment in subduction zones. Recent geodynamic models [Liu and Zhou, 2015] show that significant volumes of sub-oceanic asthenosphere are entrained in plate motion when plate convergence exceeds~4 cm/yr, implying substantial coupling between the asthenosphere and overlying lithosphere. The relative degree of asthenosphere entrainment varies as a function of viscosity and buoyancy of the asthenosphere, though entrainment is almost always expected with realistic parameters [Liu and Zhou, 2015] .
While modeling results suggest that significant asthenosphere entrainment is ubiquitous in subduction zones, high-amplitude slow anomalies are seen intermittently, requiring an anomalous source of heat, partial melt, or water in particular locations where they are observed. Four hot spots have been identified beneath the Nazca plate offshore of South America: Juan Fernández, San Felix, Easter, and Galápagos [Davies, 1988 ; 
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10.1002/2017GL073106 Sleep, 1990; Montelli et al., 2006; French and Romanowicz, 2015] . The San Felix, Easter, and Galápagos hot spots formed the Iquique, Nazca, and Carnegie Ridges, respectively. The Juan Fernández hot spot (JFHS) formed the Juan Fernández Ridge (JFR) that intersects the trench at~32.5°S (Figure 1 ). Kinematic reconstructions of the JFR system [Yáñez et al., 2002] show that the subducting ridge was oriented NE-SW until 11-10 Ma when a bend in the ridge subducted, resulting in the present E-W orientation of the ridge. These kinematics led to a southward migration of the ridge-trench intersection from~20°S to 32°S before 11 Ma and subduction subperpendicular to the trench thereafter. Simple calculations of plate motion (supporting information Text S2) indicate that the age of subducted ridge material ranges from approximately 8 Myr at the trench to 17 Myr at the bend and older on the NE-SW arm of the subducted ridge [Yáñez et al., 2002; Somoza and Ghidella, 2012] . Geodynamic modeling shows that significant thermal anomalies remain hot for at least 25 Myr, and possibly >100 Myr, depending on the size of the anomaly [Honda et al., 2007] . This may apply to the JFHS thermal anomaly as it is entrained in Nazca plate motion, suggesting that it should still be visible along the full extent of the inferred subducted ridge if sufficiently entrained.
Slab Hole
In addition to the observed subslab slow velocity anomaly, our tomography model reveals a significant hole in the Nazca slab (dashed red circle, Figures 3 and 4) . Because subslab material appears to rise through the slab hole, the slow velocity material is uniquely constrained as buoyant. However, the source of its buoyancy is dependent on the nature of the slab hole and its formation. One end-member possibility for its formation is that slab deformation and tearing was facilitated by the subslab slow material. This would suggest a concentrated thermal origin for the slow velocity anomaly. For example, it has been suggested that the rising plume beneath the Yellowstone hot spot in the western United States has weakened the overriding Juan de Fuca slab sufficiently to break through and create a hole [Obrebski et al., 2010] . However, this process requires significant weakening or thinning of the slab prior to impingement on the plume [Obrebski et al., 2010 ], yet no evidence of significant weakening or thinning of the adjacent slab such as reduced updip seismicity [Barazangi and Isacks, 1976; Engdahl et al., 1998 ] or tomographically imaged thinning [Pesicek et al., 2012; Bianchi et al., 2013] is apparent in Argentina. Additionally, such a model requires consistent, focused heat on the slab, implying a plume rising from below the slab hole. While this is possibly consistent with our results, there is no known hot spot or plume of lower mantle origin [Montelli et al., 2006; French and Romanowicz, 2015] below the slab hole. One alternative plume source is the mantle transition zone. Geodynamic modeling suggests that hydrated slabs stagnant in the mantle transition zone can create "wet" plumes that rapidly rise to the surface [Richard and Iwamori, 2010] . However, we reject this hypothesis for Argentina for two reasons: (1) wet plumes are not long-lived thermal plumes required to induce tearing of an overriding slab and (2) kinematic and tomographic evidence suggests that the required stagnant slab is unlikely to be present in the mantle transition zone beneath the modern slab.
The second end-member possibility is that the hole in the slab formed independently of the subslab slow material. In this case, the tear formed due to buoyancy contrasts within the slab. Intraplate buoyancy contrasts have been invoked to induce tearing in a variety of settings involving crustal thickness variations within the subducting slab [Pennington, 1984; Gutscher et al., 2000; . The subducted JFR is likely at least 13 km thick [Gans et al., 2011] , which is thick enough to lead to neutral-positive buoyancy of the local subducting Nazca slab [Gutscher et al., 2000] . This allows for a contrast between the neutrally-positively buoyant flat slab and the negatively buoyant, normally subducting slab downdip [Pennington, 1984; Hacker, 1996] that is significant enough to induce tearing. Such a tear can form independently of the material below the slab yet would allow any buoyant material below the slab to rise into the mantle wedge. While our tomography model is the first to image this process at the JFR, such tearing was recently modeled in a continent-scale simulation of Nazca slab subduction , supporting the second end-member model for tear formation.
Model for Chilean/Argentinean Slow Velocity Anomaly
Here we propose a new model for the origin of the slow velocity anomaly beneath the Nazca slab in northerncentral Chile and Argentina ( Figure 5 ). In our proposed model, the JFHS thermal anomaly locally heats the asthenosphere, which is subsequently entrained in Nazca plate motion. The entrained asthenosphere remains hot as it subducts, where it is imaged as a subslab slow velocity anomaly. The N-S oriented limb of the JFR subducts parallel to the trench, extending the slow velocity anomaly north to 20°S. Subduction of the overthickened crust of the JFR leads to the juxtaposition of the neutrally-positively buoyant modern Pampean flat slab with the negatively buoyant downdip portion of the slab. The resulting buoyancy contrast causes tearing of the slab, allowing for the passive ascension of the hot, buoyant, subslab asthenosphere. Decompression from upward flow through the overriding Nazca slab may lead to partial melting of the hot asthenosphere, as suggested by magnetotelluric imaging [Burd et al., 2013] . Furthermore, hot
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upwelling asthenosphere may contribute to anomalous Pleistocene volcanism in the Sierras de San Luis (Figure 1a) , directly above the imaged hole in the slab [Kay and Mpodozis, 2002; Ramos et al., 2002] . Our unique image of slow velocity material in a slab hole above a subslab slow velocity anomaly reveals that the seismically slow subslab material is likely thermally buoyant.
This model additionally explains the previously imaged slow velocity anomaly beneath Peru (Figure 1 ) [Scire et al., 2016] . The hot spot-generated Nazca Ridge subducts subperpendicular to the trench, contributing to the Peruvian flat slab [Ramos and Folguera, 2009] , with a slow velocity anomaly beneath it. In our model, the slow velocity anomaly represents a thermal anomaly formed at the Easter hot spot and entrained in Nazca plate motion. The imaged anomaly beneath Peru is localized where the Nazca Ridge subducts, suggesting a correlation between imaged subslab slow velocity anomalies in South America and subducting hot spot tracks.
As in Chile and Peru, our model predicts slow velocity anomalies beneath the Iquique and Carnegie Ridges, subducting beneath Chile and Ecuador, respectively. The Iquique Ridge subducts beneath Chile at 21°S, within the resolved region of prior tomography models [Scire et al., 2015] , but there is no associated subslab slow velocity anomaly imaged. The Iquique Ridge has only been subducting since the Pleistocene [Rosenbaum et al., 2005] . Thus, the subducted ridge is likely constrained to shallow depths, making it difficult to image with a land-based seismic array. Conversely, the Carnegie Ridge, formed at the Galápagos hot spot, subducts beneath Ecuador where we do not have sufficient seismic coverage. In future tomography studies we expect to see a slow velocity anomaly similar to those in Chile and Peru associated with entrained subslab asthenosphere beneath the subducting Carnegie Ridge. While our model has been developed to address subslab slow velocity anomalies imaged in the South America subduction zone, our model is unique in that it offers a mechanism for infrequent distribution of subslab slow velocity anomalies, such as with the anomalies seen in Cascadia (Yellowstone hot spot) and Japan (Pacific superplume). Thus, our model may have implications for the origin of subslab slow velocity anomalies globally which may be tested with improved regional tomography models. 
Introduction
The supporting information in this document contains details about the tomography data and methodology used for this study as well as the process used for testing its robustness. We also include a rough calculation of plate motion used to support the time aspect of our interpreted model. /USGS, 1988 /USGS, , 1993 GEOFON Data Centre, 1993; Beck et al., 2000; Beck and Zandt, 5 2007; Sandvol and Brown, 2007; Gilbert, 2008; Roecker and Russo, 2010; Waite, 2010] 
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In total, 22,674 direct P phases and 7,591 PKIKP phases are included in the inversion, with 45% 
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P-wave arrivals were determined relative to the IASP91 velocity model [Kennett and 
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Engdahl, 1991] using a multi-channel cross correlation algorithm [VanDecar and Crosson, 1990;  23 Pavlis and Vernon, 2010] . Travel time residuals were demeaned for each event to determine 24 relative residuals and were corrected for variations in crustal thickness across the study area 25 using a regional crustal model [Tassara and Echaurren, 2012] . An additional correction is 26 applied to stations in the forearc to account for faster than average seismic velocities in the 27 crust as imaged by several local P-wave studies [Graeber and Asch, 1999; Koulakov et al., 2006;  28 Schurr et al., 2006] and ambient noise tomography [Ward et al., 2013] .
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We use finite-frequency teleseismic tomography [Dahlen et al., 2000; Schmandt and 30 Humphreys, 2010] . The finite-frequency approximation uses frequency-dependent sensitivity 31 kernels to determine the sampled volume surrounding the geometrical ray path rather than 32 assuming an infinitesimally thin sampling ray. We approximate sampling to occur only within 33 the first Fresnel zone, with differential sensitivity calculated using the Born theoretical
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"banana-doughnut" kernels [Dahlen et al., 2000] . For a more detailed discussion of the finite-
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frequency teleseismic tomography methodology used in this study, see Schmandt et al. [2010] .
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The tomographic inversion is a smoothed and damped least squares inversion of 
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The model space is parameterized into an irregularly spaced grid of discrete nodes,
46
covering an area at the surface approximately 2400 km (east to west) x 3200 km (north to 47 south) centered on (33.5˚S, 69˚W) from 60 km to 1010 km depth. In the shallowest layer,
